Optofluidic microsystems are key components towards lab-on-a-chip devices for manipulation and analysis of biological specimens. In particular, the integration of optical tweezers (OT) in these devices allows stable sample trapping, while making available mechanical, chemical and spectroscopic analyses.
A t the state-of-the-art, optical traps can be generated inside a microfluidic device either through ''standard'' OT obtained by tightly focused free-space laser beams or by OT based on counter-propagating beams.
Here we show a novel and fully-integrated system relying on miniaturized fibre-based OT that achieves stable 3D-trapping through micro-prisms beam deflectors fabricated by two-photon lithography. We then demonstrate its use for fluorescence and Raman measurements of single cells.
The proposed microsystem offers manipulation and analyses capabilities, while guaranteeing high flexibility and cell-safety, and allows to easily add multiple optical traps in Lab on chip miniaturized devices for analysis of biological and chemical samples.
With the advent of single-cell techniques and the ability to realize lab-on-chip devices based on a microfluidic network, the possibility of making real ''cellular medicine'' is becoming more than concrete 1, 2 . At the same time, the use of optical tweezers (OT) is increasingly applied in many laboratories around the world for contactless stable trapping and manipulation of live cells and has enabled obtaining fundamental results in several research fields, unveiling the molecular interactions in complex systems like proteins, DNA, cell membrane etc. [3] [4] [5] . As a consequence, a growing interest is being attracted by the combination of OT in microfluidic systems, as it enables the realization of devices for biological analysis with enhanced sensitivity 6, 7 and additionally paves the way to the conception of new measurement techniques for cell biology 8 . Moreover, this has the potential to have an important impact in biotechnological research, representing a key building block for realization of microfluidic flow cytometers 9, 10 and cell sorters 7, 11 . Indeed, by stabilizing the sample position, it will enhance the sensitivity of measurements requiring long integration times, as when collecting Raman scattering 12 or cell fluorescence with a very low expression of the stained molecules.
The interest in this approach is also motivated by the consideration that there is a full geometrical and hydrodynamic compatibility between optical tweezers and microfluidics. Furthermore, hydrodynamic forces in a laminar flow have the same order of magnitude of forces produced by optical tweezers (tens of picoNewton) 13 . However, at the state of the art, the use of OT inside a lab-on-chip apparatus presents some criticalities, and it is mainly implemented with bulky microscopes 6, 7, 10 or by counter-propagating beams 8, [14] [15] [16] . In microscope-based OT, optical trapping is achieved by tightly focusing a laser through a high numerical aperture (NA) objective. These systems are very effective, but require critical alignment and large apparatus and, as a consequence, have not had a wide acceptance in biological laboratories. In addition, the use of tightly focused beams can induce thermal damage affecting the viability of specimen under test 17 . Finally, the limited field of view provided by high NA objectives can be a strong limitation, when analyzing a biological process within the size scale usually provided by a microfluidic circuit.
Instead, a combination of OT and microfluidic circuits with a fully-integrated approach will solve many of the previous issues, and it would open the use of these powerful devices also to non-OT-specialized personnel. Owing to the importance of this approach, several solutions have been proposed in the past and they are all based on the same principle, in which the traps were obtained by counterpropagating beams delivered by optical fibres or waveguides, with working distances in the order of tens of microns, indeed at the same length scale of microfluidic channels. Optical traps obtained through the insertion of dual counterpropagating fibre beams in a microfluidic circuit give rise to systems with a limited versatility: fibres need to be carefully mounted on planar substrates or grooves in order to guarantee a good alignment 14 and the set-up is often not reproducible with good accuracy. Alternative proposals involve integrated microfluidic systems containing vertical-cavity surface-emitting lasers (VCSEL) or GaAl/AlGaAs heterostructures that are able to trap and move microspheres and biological samples 15 , but they are quite complex to fabricate and offer a limited amount of available power. A different solution was recently reported in ref. 16 where counterpropagating beams are properly faced on microfluidic channels through integrated waveguides fabricated on a glass substrate, and in ref. 11 , where a similar approach was used also to realize fluorescence-activated optical-sorting of cells. Anyway, the reported solutions based on counterpropagating beams, do not allow creation of two or more simultaneous trapping points close to each other, and the displacement of the trapping point, i.e. handling of the trapped specimen, is restricted to be along the direction of the laser-beam axis only. Moreover because of the hindrance caused by the two opposing optical waveguides, the exploitation of this geometry is very limited in circuits with complex branched microchannel network.
Nevertheless, there are no reasons to limit the future of optical manipulation to these approaches. In fact, by implementing OT on microprobes, new experimental possibilities open for the integration of optical traps with microfluidic systems, as well as for optical manipulation in different environments and, in a near future, for in-vivo single cell studies.
In this paper we demonstrate an alternative and powerful solution for the integration of OT inside a microfluidic system enabling also fluorescence and Raman microscopy and spectroscopy at the singlecell level.
The development of a highly efficient optical micro-tweezers (mOT) based on fibre bundles is the key step towards the achievement of such a goal. Beam shaping required to create the optical trap inside the microfluidic system is obtained by fabricating microprism reflectors by Two Photon Lithography (TPL) on the fibre facets [18] [19] [20] . This approach makes the device fabrication significantly easier compared to the focused-ion-beam technique employed in the earlier version of such mOT
21
, while improving the trapping performance.
In order to tailor mOT trapping capability with microfluidic system geometry we designed a device optimized to trap single cells (with a diameter up to 20 mm) and with suitably long trapping distance (40-55 mm, calculated as the distance from fibre-end to trapping point) still maintaining a good stiffness of the trap 22 .
The mOT was then integrated into a hybrid PMMA (Polymethyl methacrylate)-glass microfluidic circuit where the cells can flow with a controlled velocity and the mOT can trap a single cell and excite its Raman and fluorescence response. The chip is mounted on an inverted microscope that provides high resolution and high contrast imaging of the flowing cells. In principle, several mOT can be arbitrarily added to different sections or in correspondence of reservoirs present in the microfluidic chip, thus making possible monitoring the single cell response to different stimuli.
Results

Microtweezers fabrication.
Proper beam shaping enabling efficient trapping is achieved by combining the total-internal-reflection (TIR) at the interface between fibres and surrounding-medium with the utilization of a four-fibres bundle in which the cores are distributed according to an annular geometry (Fig. 1) . The bundle was fabricated following the description reported in ref. 21 . Specialty single-mode fibres (produced on request by J-Fiber, Jena.) with low index contrast (mode field diameter < 9 mm at l 5 1070 nm, according to the results reported in ref. 22 ) and 80-mm cladding-diameter were assembled, resulting in a miniaturized probe with an external diameter equal to 320 mm.
As depicted in Fig. 1b the output beams are deflected by TIR occurring at the interface of four micro-prisms positioned on the fibre facets with the outer medium: the four deflected beams cross each other in the same spot, thus creating the optical trap.
The microprisms are fabricated by TPL: a femtosecond laser oscillator is directly focused inside a suitable resin deposited on the fibrefacets (Fig. 2a) . The resin polymerizes through two-photon absorption only in the focal volume and the portion that is not polymerized can be easily removed through a solvent (Methods). TPL is reliable, fast and low cost and, owing to a computer-controlled piezoelectric positioning system, offers a great freedom in the fabrication of optical components with different shapes, which can also include curved surfaces on top of the fiber 19, 20 . As a comparison to ref. 21 , similar tweezers were obtained by the focused-ion-beam (FIB) milling technique that, although extremely effective, requires a complex and time-consuming procedure, does not allow the realization of structures with complex geometries and has high running costs. Furthermore, we note that the fabrication of reflectors, which protrude with respect to the fibre facet, allows obtaining devices with a longer trapping distance.
The prisms realized by TPL (see Fig. 2 ) were perfectly aligned on the fibre surface, so as to induce TIR at the first lateral surface of the prism (point K in the inset of Fig. 1b) , yielding also normal incidence at the second lateral surface of the prism. Considering the polymerized resin refractive index (1.56) and water as outer medium, the minimum angle to have TIR is a 5 58.5u, hence we chose to fabricate micro-prisms with a 5 60u as a safety value to compensate for fabrication tolerances. With this design we calculated an effective NA 5 1.15 and a trapping distance from the probe surface d TRAP 5 46 mm.
After fabrication, microprisms were inspected by using a scanning electron microscope (SEM). Figures 2b and 2c show the overall structure and the detail of a single prism, respectively. The surface exhibits a very good quality with a typical roughness below 100 nm. In the several runs of fabrication we found a spread in the actual values of the angles a and b (see Fig. 1B ) of 6 1u.
The optical properties of mOT were tested by an all fibre set-up ( Fig. 3a and Methods). The radiation emitted by a Ytterbium doped fibre laser at l 5 1070 nm was coupled to the four single-mode fibres composing the bundle with a 1 3 4 fibre coupler, and the optical power distribution among the four fibres was finely tuned by means of variable optical attenuators.
After checking the convergence of the four beams, trapping capabilities of the mOT were verified by mounting the probe, held by a xyz micro-translator, parallel to the xy translation stage of an inverted microscope (Nikon TE2000). The fibre probe-end was placed on the object plane of a 203 objective while a CCD camera recorded the trapping action. As a first test, we deposited a drop of a water suspension of 10 mm diameter polystyrene beads on a coverslip and we observed trapping and moving of single beads.
mOT calibration was then carried out by video-tracking the Brownian motion of the trapped particle 23 . Performance of the mOT was evaluated by using polystyrene particles with a diameter of 7, 10 and 15 mm (see Methods). Fig. 3b reports the values of stiffness per unit power in the direction perpendicular to the fibre probe axis, showing that the trap structure is ideally suited for particles in the size range from 10 to 20 mm that matches the typical size of biological cells.
It is very important to notice that in this particle-size range mOT provides a trapping efficiency comparable to that of OT based on high-NA microscope objective 24, 25 . In addition, in contrast to standard tweezers, the beams emitted by the fibres are not focused nor collimated, hence the intensity of the beams is very low (<10 3 W/ cm 2 ), thus minimizing any alteration of biological samples viability due to thermal effects induced by the trapping radiation.
We tested the trapping capabilities of mOT also with different biological samples, namely red blood cells (RBC) diluted in hypotonic or isotonic solution (see Fig. 4 ) and tumor cells (colon cancer cells) diluted in phosphate buffered saline solution. In both cases we were able to stably trap single cells by setting the power output at each prism at 5 mW.
The movie reported in Supplementary Video S1 shows a trapped RBC, moved inside the solution by translating the probe. It can be noticed that the trapping distance from the probe-end is quite large www.nature.com/scientificreports (<50 mm), thus leaving a great degree of freedom in monitoring the cell and possibly illuminate it with additional optical beams for further analysis.
We also tested the trapping capabilities of mOT when using only two optical beams emitted by two opposite prisms. We alternatively switched off one couple of prisms and in both cases we could still observe stable trapping of RBC.
On-chip trapping and spectroscopy. mOT were then integrated in a microfluidic system in such a way as to enable trapping and analysis of biological specimen flowing inside the channel. The microfluidic device consists of one PMMA layer (2 cm wide, 3 cm long and 2 mm thick) bonded to a glass coverslip and includes a microfluidic channel (1 mm wide and 60 mm deep), 3 inlets enabling hydrodynamic focusing of the flowing particle, 1 outlet and a calibrated hole for the integration of the mOT (Methods). The coverslip bottom layer offers full compatibility with standard microscope-based imaging techniques even with short working distance high-NA microscope objectives (see Fig. 5 ).
mOT were mounted so that the optical trap was positioned about 10 mm above the bottom surface of the channel, corresponding to the typical height at which most of the cells flow in stable regime conditions. We note that, from the detection viewpoint, our system is in fact identical to a fluorescence inverted microscope configuration, where the observed sample is within few microns from a coverglass and the microscope objective can be freely chosen by the operator.
First, we verified that the samples flowing in the micro-channel were easily and stably trapped by the mOT.
Additionally, to test the device capability to perform fluorescence spectroscopy analysis, we modified the optical set-up feeding the mOT as described in Methods. Fluorescent micro-beads (BangsLab, FS06F/10007 532 nm/640 nm) diluted in water were flown inside the micro-chip. The radiation at 1070 nm emitted by two prisms was exploited to stably trap the selected beads, whereas green radiation at 532 nm was coupled in a third fibre of the bundle and then redirected by the prism towards the trapped particle. As shown in Fig. 6 (and Supplementary Video S2) once the bead is trapped, green light was switched on. After filtering out the green radiation by a notch filter, the red fluorescence of the beads can be easily recorded through the CCD camera. We note that the device operation is independent of the radiation wavelength and the prisms output is always aligned in such a way as to impinge on the trapped sample.
As a final test, we recorded the Raman signature of live cells trapped in the microfluidic channel. The samples were excited by a 633 nm laser, coupled into one of the four fibres, while the Raman scattering was collected by a microscope objective (Nikon 60x, 0.95 NA) and sent for spectral analysis to the spectrometer of a commercial Raman microscope (InVia Renishaw). As an example, the Raman signature of a colon cancer cell in the C-H stretch Raman band, which is typically dominated by the lipidic and protein content 26 , is shown in Fig. 7 . Regarding the potential downscaling of the proposed device, we point out that the microchannel lateral size can be, in principle, reduced to be equal to the size of the fiber optical tweezers probe. In turn, our fiber optical tweezers probe could be reduced in size by reducing the diameter of the fibers' claddings and the size of the external capillary, being the distance among the cores (around 100 mm) the important parameter to be maintained.
We note that the proposed device paves the way to development of further on-chip analysis techniques: the capability to obtain a stable trap with just two prisms offers the chance to design two separate traps in different positions at the mOT output, thus making possible to simultaneously trap multiple cells at a close and controlled distance. Moreover, compared to the dual beam counterpropagating configuration, our microsystem allows the insertion, as a part of the fibre bundle, of specialized optical fibres (e.g. for specific wavelengths, or having large cores for efficient scattered light collection) or even microcapillaries (e.g. to introduce a proper stimulus on a trapped cell).
The here reported device can be a key building block for the realization of microfluidic flow cytometers and cell sorters, when long integration times for the analysis require a stable position for the sample. At the same time, the device can be used as a tool for clinical assays. In fact, the sorted and trapped cells can be manipulated, subjected to stimuli of various nature or to drugs and can be monitored and analyzed by the same OT 27, 28 .
Discussion
We have presented a new approach to the development of microfluidic devices for lab-on-chip applications integrating optical trapping and manipulation capabilities. This achievement is made possible by the design and development of miniaturized optical tweezers enabling on-chip manipulation, Raman and fluorescence spectroscopy of single cells. The mOT fabrication technique, based on TPL, is simple, versatile, and allows the integration of additional mechanical and optical functions (like multiple traps and controlled microtranslations or microsurgery) leading to a powerful and multipurpose probe. The presented device offers manipulation and analyses capabilities offered by high-NA microscope-objective OT, while preserving the full integration, flexibility and cell-safety of the OT based on counter-propagating beams. The efficient integration of microtweezers in a microfluidic circuit allows creating of a laboratory under the microscope allowing manipulation, treatment and analysis of single living cells. The versatility, low cost, ease of fabrication and assembly give to this system great potential as a general approach for isolating rare cells or observing the effects of local environmental changes for diagnosis or screening purposes.
Methods
Microprisms fabrication by two photon lithography. The micro-prism fabrication is carried out by using the set-up shown in Fig. 2 . A 100-fs pulsewidth, 80-MHz (pulse energy , 1 nJ) Ti:sapphire laser oscillator (Tsunami, Spectra Physics) is focused through a dry semi-apochromatic microscope objective (NA 5 0.70). A proper fibre holder is mounted on a xyz piezo-stage with a 80 mm travel range on all axes, for 3D position control.
The fibre holder is designed in such a way as to let the laser beam from the microscope objective to pass through a glass coverslip and then be focused on a droplet of photo-curable material in which the fibre bundle is immersed 29 . A precision linear translator controls the distance between the fibre and the coverslip. A commercial UV curing adhesive (NOA 63, Norland) was chosen as a photopolymer for fabrication due to its good adhesion to glass, easy processing, refractive index comparable to that of optical fibres, and very low cost.
The laser wavelength is tuned at 720 nm and the laser power is set to about 4 mW at the sample plane. The beam is expanded by a telescope, to obtain overfilling of the focusing microscope objective, and it is then reflected by a 45u short-pass dichroic mirror, which is almost transparent in the visible part of the spectrum, for imaging purposes. The image of the sample is taken through a CCD camera thus allowing fibre alignment, focusing and real-time monitoring of the polymerization process. A computer-driven mechanical shutter is used to control the exposure time for each pixel. The exposure time needed to fabricate a single microprism is typically around 10 min; as a comparison about half an hour was generally required to drill each hole by FIB in ref. 21 . After the completion of exposure for the four micro-prisms, the fibre bundle is retracted from the droplet and the unexposed photoresist is removed with acetone and methanol, leaving the fabricated 3D structure attached to the fibre top.
The final microprisms are 25 mm high and with a base area guaranteeing the collection of more than 95% of the power emitted by the fibres.
Experimental set-up for optical trapping. The quality of the fabricated probes was assessed by means of the all-fibre setup shown in Figure 3 . The 1070 nm radiation emitted by a Ytterbium-doped fibre laser (IPG Fibertech) is coupled to the four tweezers input fibres by means of a 1 x 4 fibre-optic coupler; the optical power at each branch is finely tuned by means of variable optical attenuators and monitored through the 1% port of a 99%-1% coupler inserted in each branch. Trapping and manipulation capability are tested by matching the power output from each prism starting from a value of 3 mW, allowing an extremely compact and stable set-up to be obtained.
Optical set-up for fluorescence and Raman spectroscopy. For the spectroscopy measurements, the microfluidic system was mounted on the object plane of an inverted microscope (TE2000, Nikon), and the experiments were carried out by slightly modifying the all-fibre optical setup. The 1070 nm trapping radiation was coupled to only two of the four fibres composing the tweezers, corresponding to two opposing microprisms. For fluorescence spectroscopy measurements, a 532 nm radiation of 50 mW emitted by a frequency-doubled Nd: YAG laser source was coupled to one of the fibre composing the bundle. Experiment has been performed first by trapping a 7.5 mm fluorescent polystyrene beads, hence by switching on the excitation radiation at 532 nm. Fluorescence emitted at 640 nm was collected through a CCD camera (Nikon) connected to the microscope. On the other hand, the Raman signatures of single trapped cells were measured by exciting the sample at 633 nm through one of the fibre of the bundle, as for fluorescence excitation. The incident power at the sample plane is 3 mW. The Raman scattering from sample was collected by a 60x, 0.95 NA microscope objective and directed to the spectrometer of a commercial (InVia, Renishaw) Raman microscope.
Measurement of the trap stiffness. The stiffness calibration is based on the study of the Brownian motion of a stably trapped particle. The bead was held in the trap for a couple of minutes and a video was recorded at a frame rate of 16 fps. The video was then analyzed and the coordinates of the bead's position in each frame were extracted.
The optical potential was then reconstructed using Boltzmann statistics, yielding a continuous profile of the trapping potential. Indicating with r(x) the probability density of the 1D particle position, which was derived by experimental acquisition, the shape of the trapping potential could be obtained as ln[(1/r(x))].
By fitting the potential well with a parabola, the trap stiffness was then retrieved. This measurement provides lower bound to the restoring force applied by the optical trap to the trapped particle under the hypothesis of a parabolic potential well.
As the stiffness thus calculated is linearly dependent on the optical power P we define a power-normalized stiffness as k/P, which is thus expressed in pN mm 21 W 21 and is related only to the beam geometry and to the properties of the trapped particle.
Comparing the obtained values with those reported in ref. 24, 25 we find that the proposed tweezers have almost the same power-normalized stiffness of those based on highly-focussed beams, if particles with a diameter of about 10 microns are considered.
Integration of microtweezers with the microfluidic chip. The microfluidic channels were fabricated by photolithography on top of a glass cover slip (0.16 mm tick, 24 mm wide and 40 mm long from Knittel Glaser) laminated with a 50 mm thick dry photoresist (Ordyll SY300 from Elga Europe). The channels were sealed with a 2 mm thick PMMA lid by solvent assisted bonding 30 . The inlets and outlets and the optical fibre insert hole were fabricated by micromilling (Mini Mill GX from Minitech Machinery, Norcross, Georgia, United States) on the PMMA lid prior to bonding. The microfluidic channel was 60 mm deep, 1 mm wide and 2 cm long. The 3 inlets and one outlet, having a diameter of 2 mm, were machined in correspondence of the end of the fluidic channel. The calibrated hole of 360 mm in diameter for fibre insertion was fabricated in the middle of the microfluidic channel.
Before bonding, the PMMA and the glass layers were cleaned by ultrasound bath in deionized water for 5 minutes. The bonding was a solvent assisted process consisting in: 1) placing the PMMA layers in Ethanol for 15 minutes; 2) Aligning and pressing the PMMA layer and the glass slide together at a pressure of 0.5 bar; 3) placing the pressed layers in the oven at 90uC for 30 minutes.
Before placing the PMMA layer in Ethanol, the optical fibre bundle was inserted in the calibrated hole of the top PMMA layer. mOT were optically aligned in order to level its end to the top surface of the microfluidic channel. Once aligned, epoxy glue was used to fix the fibre bundle, seal the channel, and give structural rigidity.
The inlets of the microfluidic channel were connected through silicone tubes to reservoirs containing the samples under test, whereas the outlet was connected to a waste reservoir. The tubes and the system were filled with PBS by means of a syringe. The flow was controlled by exploiting the communicating vessel principle: the pressure in the microchannel was tuned by changing the relative position in height between the input and output reservoirs, thus carefully driving the samples towards the trapping position.
